Previous studies on DNA nucleotidyltransferase (deoxyribonucleoside triphosphate-deoxyribonucleic acid deoxynucleotidyltransferase, EC 2.7.7.7) from Landschutz ascites-tumour cells indicated that the activity of the enzyme in freshly prepared extracts could not be preserved for more than about 1 week by storage at 00 (Keir, 1962a) . Further, the activities of the same preparations (Keir, 1962b) and those of certain DNA-nucleotidyltransferase fractions from calf-thymus nuclei (Keir & Smith, 1963) were found to be sensitive to dialysis. Other work had shown that the presence of 041 mM-EDTA in the assay medium stimulated the reaction by as much as tenfold, whereas high concentrations (above 0.75mM) inhibited the reaction (Keir, Binnie & Smellie, 1962) .
Experiments based on these observations led to the routine inclusion of a thiol and of EDTA in the media used for preparation and assay of the enzyme, these measures providing fractions that retained the full initial nucleotidyltransferase activity during storage at 00 for 2months or at -700 for at least 1 year.
A more extensive examination of the effects of thiols and of EDTA was undertaken, and the results have demonstrated that DNA nucleotidyltransferase is highly sensitive to reagents that attack thiol groups, and that certain bivalent metal cations inhibit its action severely. EXPERIMENTAL Preparation of enzyme fraction. Partially purified DNA nucleotidyltransferase was prepared essentially as described by Keir (1962a) , but with the following modifications. The Landschutz ascites-tumour cells were disrupted in 15 vol. of 1 mM-EDTA-5 mM-2-mercaptoethanol, and without delay the disrupted preparation was made 0-15M with respect to KCI, O-O1M with respect to tris-HCl buffer, pH7-5, and 4mM with respect to MgSO4; the concentrations of EDTA and 2-mercaptoethanol were maintained at 1 mm and 5 mM respectively. This buffer medium containing KCI, tris-HCl buffer, MgS04, EDTA and 2-mercaptoethanol was termed 'buffer EM'. After centrifuging at 105000g the clear supernatant fluid was dialysed against two 71. changes of buffer EM for 18hr. at 2°. The small amount of material that came out of solution during dialysis was removed from the dialysis residue by centrifuging. The 'pH 5 precipitate fraction' was prepared from the resulting supernatant solution and was dissolved in buffer EM (Keir, 1962a) . This standard 483 preparation of DNA nucleotidyltransferase retained high activity during storage at 00 for over 2 months. In experiments designed to examine the effects of agents reacting with thiol groups, the enzyme preparations were made in solutions lacking 2-mercaptoethanol, and the dialysis step was omitted. Such preparations had activities almost as high as the standard preparations but had to be used within 1 week, i.e. before substantial loss of activity on storage occurred.
As8ay for DNA nucleotidyltransferase. Measurement of enzyme activity was based on incorporation of [32P]dTMP from [a-32P]dTTP* (or of [8-14C] dAMP from [8-14C]dATP) into an acid-insoluble form in the presence of DNA primer and dATP, dCTP and dGTP (or dCTP, dGTP and dTTP), as described by Gray et al. (1960) .
Materials. The sodium salt of sarkomycin (2-methylene-3-oxocyclopentanecarboxylic acid; Hooper et al. 1955) Gray et al. (1960) .
RESULTS AND DISCUSSION
General observations. In the early part of this work, 0-15m-potassium chloride-0-01 M-tris-hydrochloric acid buffer, pH 7-5, was used as the medium for preparing and storing the DNA-nucleotidyltransferase fractions. Addition to this buffer of EDTA (1mM) gave substantially improved nucleotidyltransferase activities; magnesium sulphate (4mM) in the buffer instead of EDTA also gave a beneficial but less marked effect. Solutions containing EDTA (lmM) and 2-mercaptoethanol (5mM) gave further improvement with respect to nucleotidyltransferase activities, and these fractions also withstood dialysis [against 0-15M-potassium chloride-0-01M-tris-hydrochloric acid buffer (pH7-5)-1 mM-EDTA-5mM-2-mercaptoethanol] and storage at 00 or less with little loss of activity. Addition to this preparative buffer of magnesium sulphate (4mM) (giving buffer EM; see the Experimental section) gave marginally better preparations, and therefore buffer EM was employed for all standard preparations. It is to be emphasized, however, that in all cases the initial cell disruption took place in media of very low ionic strength; in the standard preparation this was 1 mM-EDTA-5mM-2-mercaptoethanol.
Within any one batch ofascites-tumour cells these effects ofEDTA, 2-mercaptoethanol and magnesium sulphate, singly or in combination in the preparative * Abbreviations: dATP, dCTP, dGTP and dTTP, the 5'-triphosphates of deoxyadenosine, deoxycytidine, deoxyguanosine and thymidine respectively. buffer, were clear-cut. However, with different batches of cells the levels of nucleotidyltransferase activity varied by as much as 40 %. Large numbers of necrotic cells were present in the tumour fluid at the eighth and ninth days after inoculation (cf. Siegler & Koprowska, 1962) . We have made a practice of collecting the ascites-tumour fluid 5-7 days after inoculation (Keir et al. 1962) , but even at these earlier times variations in the activity of the extracted DNA nucleotidyltransferase have been observed.
Inhibition of DNA-nucleotidyltransferase action by agents reacting with thiol groups. Four reagents were used in this series of experiments: sodium iodoacetate, iodoacetamide, sodium p-hydroxymercuribenzoate and sarkomycin. Sarkomycin is produced by Streptomyces erythrochromogenes and displays antitumour and weak antibacterial activity (Umezawa et al. 1954) . Certain relevant aspects of its inhibitory action on Ehrlich ascites-tumour cells and in cell-free extracts have been described by Sung & Quastel (1963) .
Exploratory experiments showed that the DNAnucleotidyltransferase reaction was inhibited by each of the four reagents. Enzyme fractions prepared in buffer EM required relatively high concentrations of the reagents to exhibit the inhibitory effect, but fractions prepared in buffer EM lacking 2-mercaptoethanol were highly susceptible at much lower concentrations of the inhibitors. The experiments described below were carried out with the latter enzyme preparations (see the Experimental section).
The degree of inhibition of DNA-nucleotidyltransferase activity exerted by each of the four reagents was measured after 1 hr. incubation in a standard assay system containing the partially purified enzyme that catalysed incorporation of deoxyribonucleotide into DNA primer at a linear rate for at least 2hr. (Keir, 1962a) . A series of experiments involving the addition of increasing amounts of iodoacetamide, p-hydroxymercuribenzoate or sarkomycin to the assay mixture was carried out. A 50% inhibition was given by iodoacetamide (8mM), p-hydroxymercuribenzoate (4/uM) and sarkomycin (5mM). The degree of inhibition would be expected to vary with the protein concentration ofthe reaction mixture; the values for 50% inhibition quoted were obtained in a system containing 110,-tg. of protein from the enzyme fraction in each assay mixture (0-25ml.; cf. Table 1) .
These experiments were conducted in such a way that the reaction mixture containing enzyme plus inhibitor was held at 00 for 30 min. before incubation at 370 for 1 hr. Other experiments in which the reaction mixture containing enzyme but lacking the deoxyribonucleoside triphosphates was preincubated with inhibitor for 15min. at 37°or for 20min. 484 1965 (Table 1) . Similar effects were observed with iodoacetate, even when the iodoacetate was added together with 2-mercaptoethanol to the reaction mixture before addition of the enzyme fraction. In this case, the levels of nucleotidyltransferase activity with 4mm-iodoacetate in the presence of OmM-, 6mM-and 30mM-2-mercaptoethanol were 71, 57 and 27% respectively of the uninhibited control assay. These effects cannot be accounted for by the additive inhibition of iodoacetate or iodoacetamide, plus 2-mercaptoethanol or GSH. Indeed, inhibition by 2-mercaptoethanol or GSH is relatively small (Fig. 1) . At 20 mM, GSH inhibited the reaction by less than 10%; increasing the GSH concentration inhibited the reaction further, but even at 80mM the degree of inhibition was only 63% (cf. Table 1 ). With 30mM-2-mercaptoethanol the nucleotidyltransferase activity was 96% of the control; 80mM-2-mercaptoethanol inhibited by only 12%. The inhibition exerted by GSH alone (Fig. 1) is probably attributable to complex-formation between the Mg2+ ions ofthe reaction mixture and the GSH. Similar effects were observed in the same DNA-nucleotidyltransferase system when cysteine was included in the assay medium (Keir & Smith, 1963) . In these experiments (Table 1) assay mixtures incubated at 370 and containing iodoacetamide, plus either GSH or 2-mercaptoethanol, in addition to the standard components, became cloudy, apparently owing to the precipitation of protein.
In further study ofthis effect, the enzyme fraction was incubated for 20min. at 220 with DNA primer, without triphosphates, and with or without iodoacetamide; the triphosphates, and GSH or 2-mercaptoethanol or water, were then added. At this stage all reaction mixtures were clear. After lhr. at 370 the reaction mixtures were clear except for those containing iodoacetamide plus either GSH or 2-mercaptoethanol; these contained a light precipitate of protein. lodoacetamide did not promote the precipitation in the absence of GSH or 2-mercaptoethanol. All the samples containing iodoacetamide plus either GSH or 2-mercaptoethanol gave no incorporation in the nucleotidyltransferase assay. Omission of DNA primer from the samples in a parallel experiment hastened development of the precipitate. Omission of the enzyme fraction from the complete mixtures gave solutions that remained clear, but the subsequent addition of the enzyme fraction gave immediate development of a heavy precipitate in those mixtures that contained iodoacetamide with either GSH or 2-mercaptoethanol. Nature of the inhibition by iodoacetamide, phydroxymercuribenzoate and 8arkomycin. The effects on the nucleotidyltransferase reaction of varying the concentration of DNA primer were determined at constant concentrations of inhibitors. The results for iodoacetamide, p-hydroxymercuribenzoate and sarkomycin are illustrated in Fig. 2 as doublereciprocal plots (Lineweaver & Burk, 1934) . The results for each inhibitor give a linear plot intersecting at the base line with the corresponding control plot, and therefore, under the conditions described, the inhibitions exerted appear to conform to noncompetitive kinetics. The quantitative and kinetic aspects of the inhibition have to be interpreted in the light of the fact that the nucleotidyltransferase and other proteins in the enzyme fraction have not been proved to have reached equilibrium with the inhibitors during the preincubation before nucleotidyltransferase assay. However, three types of preincubation were employed [(i) 30min. at 00, (ii) 20min. at 220 without triphosphates and (iii) 15 min. at 370 without triphosphates] and the inhibitory effects of iodoacetamide, p-hydroxymercuribenzoate and sarkomycin in the ensuing nucleotidyltransferase assays were similar after each of these preincubations, although there was slightly decreased overall incorporation for the latter two. These preincubation conditions were based on preliminary experiments that showed that preincubation of the enzyme fraction at 370 without inhibitor but with DNA primer could be conducted for up to 30min. without loss of nucleotidyltransferase activity. Beyond 3Omin. ofpreincubation, a gradual loss of activity of the nucleotidyltransferase commenced. Omission of DNA during preincubation gave a much more rapid loss of activity.
In any event, the actions of iodoacetamide, phydroxymercuribenzoate and sarkomycin in the incorporated/mg. of protein/hr. The substrate concentration, [S] , is in terms of ,ug. of DNA/assay. experimental system described do not reveal the precise mechanism of inhibition, but it seems reasonable to conclude that thiol group(s) in the DNA nucleotidyltransferase are at least the primary site(s) of action of the inhibitors (cf. Boyer, 1959) .
Jodoacetamide, iodoacetate and sarkomycin may be presumed in this system to act by alkylation of thiol groups in the enzyme. The alkylating potentials of iodoacetamide and iodoacetate are well documented, and p-hydroxymercuribenzoate inhibits by mercaptide formation. The inability of GSH and 2-mercaptoethanol to prevent the inhibition by iodoacetamide (Table 1) and their ability to prevent the inhibition by p-hydroxymercuribenzoate are expected observations (these points are discussed by Boyer, 1959) ; the action of iodoacet-amide in this system is particularly difficult to interpret owing to complications arising from the proteinprecipitation effect described above. With sarkomycin, it may be assumed that electron displacement induced by the 3-oxo group gives rise to a positive tendency on the 2-methylene carbon, thus promoting reactivity towards thiol groups. Among the possible explanations for the partial reversal of the sarkomycin inhibition (Table 1) are: (a) incomplete reaction of the drug with enzyme during the preincubation period, (b) a slow rate of the reversal reaction and (c) irreversible reaction of the drug with some groups on the enzyme and reversible reaction with others, not necessarily thiol groups. Sung & Quastel (1963) have demonstrated that sarkomycin inhibits the incorporation of thymidine into the DNA of intact Ehrlich ascites-tumour cells and into primer DNA in cell-free extracts. Since the inhibition was prevented by GSH and by cysteine, they concluded that the site of inhibition of DNA synthesis was probably at thiol group(s) in DNA nucleotidyltransferase.
Terminal addition reaction. DNA nucleotidyltransferase from ascites-tumour cells requires the presence of DNA primer and dATP, dCTP, dGTP and dTTP for replicative activity (J. B. Shepherd, unpublished work). On the other hand, a limited reaction continues in the absence of three of the triphosphates, the one triphosphate included in the reaction mixture adding terminally to the chains of DNA primer (Keir, Omura & Shepherd, 1963a; Keir, Shepherd & Hay, 1963b) . Whether each of these two types of reaction can be attributed completely to two separate enzymes is at present uncertain, but both activities are present in the nucleotidyltransferase fraction used in the experiments described above. In the context of thiolreacting agents, it might be expected that the terminal addition reaction would be less demanding than the replicative reaction in its steric requirements during catalysis, since only one triphosphate is involved and only the end of one single-stranded DNA-primer chain need be associated with an enzyme molecule at any one instant. In contrast, the replicative nucleotidyltransferase reaction requires the continuous availability of four triphosphates, the single-stranded primer DNA (template in this case), and produces double-stranded polydeoxyribonucleotide (cf. Bollum, 1963) , which can be pictured as attached to the template up to the instant of completion of replication of the template strand.
Assay ofthe terminal addition reaction was undertaken with and without iodoacetamide or phydroxymercuribenzoate under conditions similar to those for the replicative reaction (Table 1) , and with the same enzyme preparation. The general pattern of results resembled those obtained for the replicative Table 2) . Levels of inhibition imposed on the replicative reaction required 2 5-fold higher concentrations of these inhibitors in the terminal addition reaction. The phenomenon of 100% inhibition by iodoacetamide plus GSH was observed also in the terminal addition assay. It seems from these observations that certain susceptible groups on the enzyme, which are essential for normal functioning of the replicative nucleotidyltransferase reaction, may not be so intimately involved in the enzymic catalysis during the terminal addition reaction. However, this interpretation assumes that both types of reaction are catalysed by the same enzyme.
It is important to recall that two separable enzymes exist in calf-thymus tissue: replicative DNA nucleotidyltransferase and terminal DNA nucleotidyltransferase (Krakow, Coutsogeorgopoulos & Canellakis, 1962; Keir & Smith, 1963; Bollum, Groeniger & Yoneda, 1964) . The extent of our present knowledge of these two activities in preparations from Landschutz ascites-tumour cells is that only relatively low levels of the terminal addition reaction can be detected (Keir et al. 1963a, b) , and fractionation on columns of hydroxyapatite have thus far failed to give a clear-cut indication of separation of the two activities (J. B. Shepherd, unpublished work). The possibility therefore remains that the effects of iodoacetamide and p-hydroxymercuribenzoate on the two nucleotidyltransferase reactions may be attributable to different susceptibilities of two enzymes.
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Effects of EDTA and certain bivalent cations on the DNA-nucleotidyltransferase reaction. It is highly probable that the explanation of the previously observed lability of DNA nucleotidyltransferase to storage and dialysis (Keir, 1962a, b; Keir & Smith, 1963) lies in the present results. Preparation of the enzyme in buffered salt solutions in the absence of thiols such as 2-mercaptoethanol results in a progressive inactivation of the enzyme over 5-20 days at 00. This may take place by mercaptide formation through reaction of thiol groups of the enzyme with the minute amounts of metallic cations likely to exist in laboratory reagents.
The sensitivity of the enzyme to the addition of certain bivalent cations reinforces this view. One of the early observations on this enzyme showed that Ca2+ ions inhibit strongly and cannot replace the requirement for Mg2+ ions (Smellie, Keir & Davidson, 1959 (Keir et al. 1962) , did not significantly alter the optimum concentration of Mg2+ ions (4mM). It therefore seemed likely that traces of cations strongly inhibitory in the nucleotidyltransferase reaction were forming complexes, in preference to Mg2+ ions, with EDTA (cf. Williams, 1959) . The results of one of several experiments undertaken to demonstrate this point are illustrated in Fig. 3 Concn. of ZnSO4 (,UM) Fig. 3 . Effects of Zn2+ ions in the DNA-nucleotidyltransferase reaction. The reaction mixtures were as described for the standard assay in enzyme fraction was prepared in buffered salt solutions lacking EDTA and was assayed for DNAnucleotidyltransferase activity at various concentrations of zinc sulphate in the presence and in the absence of EDTA. Low concentrations of Zn2+ ions severely inhibited the reaction, 50% inhibition being reached with 10,uM-zinc sulphate. EDTA in the assay medium at 0-4mM (the standard concentration) protected the system against this inhibition, and even with 100,M-zinc sulphate inhibition was less than 5%.
These results are interesting for another reason. Lieberman & Ove (1962) showed that there is a requirement for Zn2+ ions in the development of the ability of certain cells in tissue culture to enter DNA synthesis. The increase of DNA-nucleotidyltransferase activity that appeared as the cells engaged in DNA synthesis was prevented by having EDTA in the culture medium throughout the experiment; this effect was abolished by the addition ofZn2+ ions (Lieberman, Abrams, Hunt & Ove, 1963) . The reason for the requirement for Zn2+ ions remains unknown, but the requirement disappears after initial phases of preparation for cell division have been completed; these may possibly involve synthesis of a metalloprotein. Certainly it seems that, in our partially purified DNA-nucleotidyltransferase system, a simple cofactor function of free Zn2+ ions in the reaction can be ruled out.
